we cotransfected the Flag-tagged ARD1 expression designated as HT1080-ARD1 cells. As shown in Figure  2B , the increased expressions of VEGF mRNA and provector and the GFP-HIF-1␣ expression vector into HEK 293 cells. When the Flag-ARD1 protein was immunopretein by hypoxia were downregulated in HT1080-ARD1 cells. These results suggest that the ARD1 protein negacipitated from transfected cell extracts using the anti-␣-Flag antibody, the GFP-HIF-1␣ protein was coimmutively regulates the hypoxia-inducible transcriptional activity of HIF-1. noprecipitated ( Figure 1C ). ARD1 interacted with HIF-1␣ under both normoxic and hypoxic conditions; however, this interaction was decreased when cells were exposed ARD1 Downregulates HIF-1␣ Protein Stability to 1% O 2 , in spite of the higher GFP-HIF-1␣ expression Since the ARD1 protein directly binds to the ODD dolevel under this condition ( Figure 1C) . main, we examined the effect of ARD1 on HIF-1␣ protein stability. As shown in Figure 3A, (Figure 2A) . However, the overexpression of ARD1 was shown to decrease the transcriptional activity of HIF-1 of MG132, the HIF-1␣ protein level decreased by ARD1 was restored to the level of hypoxia-treated HT1080 in a dose-dependent manner. In cells transfected with the mutated EpoHRE reporter, luciferase activity was cells ( Figure 3B ). Furthermore, in pulse-chase experiments, the half-life of the HIF-1␣ protein was decreased not changed by either hypoxia or the ARD1 protein.
Furthermore, to evaluate whether ARD1 modulates in HT1080-ARD1 cells compared to HT1080 cells, thereby confirming the effect of ARD1 on the downreguthe hypoxia-response element (HRE)-containing VEGF gene, HT1080 cells were stably transfected with the lation of HIF-1␣ stability ( Figure 3C ). cause HIF-1␣ is not present in this condition. However, activity of ARD1, we first assessed whether stimulated HIF-1␣ stability under normoxia was significantly inacetylation affects the protein level of HIF-1␣. To do creased by transfection of the antisense ARD1 expresthat, we treated HT1080 cells with sodium butyrate, an sion vector ( Figure 3D ). These data strongly suggest inhibitor of protein deacetylases. As shown in Figure 4A , that endogenous ARD1 induces the degradation of HIFsodium butyrate dramatically decreased the hypoxia-1␣ under normoxia. Similarly, HIF-1␣ stability under hypinduced HIF-1␣ protein level. A histone deacetylase inoxia was increased by the antisense ARD1 expression hibitor, TSA, also decreased the expression of HIF-1␣ vector.
protein ( Figure 4A ). These results suggest that the degIn addition, we investigated whether ARD1 particiradation of HIF-1␣ is stimulated by protein acetylation. pates in the association of HIF-1␣ and pVHL, which To obtain in vivo evidence showing the acetylation of negatively regulates HIF-1␣ stability. We found that un-HIF-1␣ protein, we transfected HIF-1␣ expression vector der normoxic conditions, ARD1 overexpression ininto HEK 293 cells and performed an in vivo acetylation creased interaction of HIF-1␣ with pVHL ( Figure 3E ). assay using an anti-Ac-Lys antibody. The results shown These results suggest that ARD1 could function as a in Figure 4B indicate that lysine residue(s) in ectopic negative regulator of HIF-1␣ stability by accelerating the HIF-1␣ was acetylated in vivo and that this acetylation recruitment of pVHL to HIF-1␣.
was stimulated by the overexpression of the ARD1 protein.
Next, we examined the relative acetylated HIF-1␣ un-ARD1 Acetylates the ODD Domain of HIF-1␣
der normoxic and hypoxic conditions, because the rate The function of the ARD1 protein as an acetyltransferase of HIF-1␣ acetylation may be not equal under these is known in lower eukaryotes, such as S. cerevisiae; conditions. Although tests revealed that the protein level however, the function and the substrates of ARD1 in of HIF-1␣ was almost the same under these two condimammalian cells have not been identified. To determine if HIF-1␣ can be acetylated by the acetyltransferase tions when treated with MG132, the acetylation level of 
HIF-1␣ in normoxia was much higher than that of HIF-1␣
and Roeder, 1997). There are six lysine residues in the ODD domain of HIF-1␣, namely K443, K460, K477, K532, in hypoxia or under a MG132-treated hypoxic condition ( Figure 4C) . K538, and K547. To identify the acetylated lysine(s) of the ODD domain by ARD1, we performed site-directed Our next question to answer was whether HIF-1␣ could serve as a direct substrate for ARD1 and whether mutagenesis using pET-ODD expression vector to change the six single lysines to arginine residues. The ARD1 protein can function as a HIF-1␣ acetyltransferase by direct interaction with the ODD domain. To test these six mutated ODD proteins were purified and an in vitro acetyltransferase assay was executed. Interestingly, as possibilities, we performed an in vitro acetyltransferase assay using purified recombinant ODD and ARD1 proshown in Figure 5A , ODD-K532R was not acetylated by ARD1. However, the other mutated ODD proteins (ODDteins. As shown in Figure 4D , lysine residues of the ODD domain were acetylated in the presence of ARD1 protein K443R, -K460R, -K477R, -K538R, and -K547R) were acetylated to a similar level as the wild-type ODD proand Ac-CoA, whereas acetylated ODD was not detected in the absence of either ARD1 or Ac-CoA. These results tein. Therefore, we suggest that ARD1 protein specifically acetylates Lys532 in the ODD domain of HIF-1␣. strongly suggest that the ARD1 protein acetylates the ODD domain of HIF-1␣ by transferring acetyl group from To confirm the acetylation site of the ODD domain, the in vitro acetylated ODD protein by ARD1 protein was Ac-CoA to lysine residues in the ODD domain through direct interaction.
purified by immunoprecipitation with Ac-Lys antibody and digested with V8 protease, and then the resulting peptides were analyzed using a matrix-assisted laser ARD1 Acetylates the Lys532 in HIF-1␣ Protein desorption/ionization time-of-flight mass spectrometry In general, the position-specific acetylation of a target protein is mediated by distinct acetyltransferases (Gu (MALDI-TOF MS). The masses of these peptides were It is worth noting that this lysine residue is conserved 6A). Moreover, the interaction of pVHL with HIF-1␣-K532R protein was much weaker than that with wildin HIF-1␣ and -2␣, which are oxygen sensitive, whereas HIF-3␣, stable even in normoxia (Hara et al., 2001 ), does type protein ( Figure 6B ). These results suggested that HIF-1␣-K532R protein is stable under normoxic condinot contain this residue ( Figure 5C ). However, two proline residues for hydroxylation are conserved in the three tions when pVHL interaction is reduced. Based on the finding that the K532R mutant protein HIF-␣ proteins.
was not acetylated by ARD1, we expected that the acetylation of Lys532 in HIF-1␣ stimulates the degradation of this protein through increasing pVHL-mediated ubi-ARD1 as a HIF-1␣ Acetyltransferase Stimulates HIF-1␣ Degradation quitination. To examine this possibility, we first performed a pull-down assay to test for the interaction As described above, Lys532 is the target site for acetylation by ARD1 protein, and ARD1 decreased the stability between the ODD domain and pVHL. As shown in Figure  6C , ARD1-treated (acetylated) wild-type ODD protein of HIF-1␣. In a previous report, a Lys532-mutated N-terminal transactivation domain (N-TAD) of HIF-1␣ was not increased the interaction with pVHL, whereas ARD1-treated ODD-K532R mutant protein did not. degraded under normoxic conditions (Tanimoto et al.,  2000) . The authors suggested that Lys532 is critical to To test whether acetylation by ARD1 can stimulate HIF-1␣ ubiquitination, we performed an in vitro ubiquitithe degradation of HIF-1␣ protein. Since Lys532 is the acetylation site, we suggest that the acetylation of nation assay using purified ODD protein. The result in Figure 6D indicates that acetylation by ARD1 increased Lys532 by ARD1 is actively involved in the degradation of HIF-1␣ under normoxic conditions. ubiquitination of the ODD domain. Moreover, the ODD-K532R mutant protein was ubiquitinated at the same To prove this point, we transfected the Flag-tagged HIF-1␣-K532R expression vector into HEK 293 cells and level as the wild-type, implying that Lys532 is not a ubiquitination site ( Figure 6E ). In addition, we observed checked the protein level under normoxic conditions. 35 S-labeled ODD was acetylated by ARD1 as indicated and the products were preincubated with HeLa cell extract. The in vitro ubiquitination assay was performed at 30ЊC for 2 hr and the reaction products were subjected to SDS-PAGE and autoradiography. Levels of total and ubiquitinated ODD in the second and third lanes from left were quantified by densitometery. The ratio of ubiquitinated/total ODD was determined and normalized to the result obtained in the second lane to yield the relative HIF-1␣ ubiquitination (right). (E) 35 S-labeled ODD and ODD-K532R were preincubated with HeLa cell extract. The in vitro ubiquitination assay was performed at 30ЊC for 2 hr and the reaction products were subjected to SDS-PAGE and autoradiography. the hydroxylation of Pro564 in the ODD domain under cle, and liver, suggesting that ARD1 is broadly expressed.
ARD1-mediated acetylation by the MALDI-TOF MS analysis (data not shown). These results indicate that the
To examine the expression level of ARD1 during hypoxia, we performed reverse transcriptase PCR. The acetylation of Lys532 by ARD1 protein is a key regulatory event for the maximal degradation of HIF-1␣, mediated ARD1 mRNA level was decreased in cells exposed to 1% O 2 and was also decreased when cells were treated by the pVHL ubiquitination complex under proline hydroxylated conditions. with hypoxia-mimicking agents, cobalt chloride and 2,2Ј-dipyridyl ( Figure 7B ). Our next question was the relation between ARD1 ARD1 Expression Is Decreased mRNA reduction and HIF-1␣ stability. We therefore under Hypoxic Conditions checked the mRNA level of ARD1 and the acetylation The EST data from UniGene Cluster Mm. 5934 indicated and protein levels of HIF-1␣ after hypoxic exposure for that mouse ARD1 is expressed in almost every cell type. 2 and 4 hr. As shown in Figure 7C , ARD1 mRNA level To confirm the expression of ARD1 mRNA, we perdecreased upon exposure to hypoxia for 2 and 4 hr. The formed Northern blot analysis of RNAs from various huacetylation of HIF-1␣ was also decreased in proportion man tissues. As shown in Figure 7A , ARD1 was detected to the increase of hypoxic exposure, whereas the protein level of HIF-1␣ was increased. These data support the in all tissues tested, including brain, heart, skeletal mus- Gendron et al., 2000) .
that the K532R mutation stabilized HIF-1␣ during norHowever, in mammalian cells, TbDn-1 alone shows acemoxia, and accordingly suggested that Lys532 is critical tyltransferase activity without ARD1 or other acetylfor the degradation of HIF-1␣. Furthermore, HIF-1␣, -2␣, transferases (Gendron et al., 2000) . Similarly, we found and -3␣ have two conserved prolines that are target that the ARD1 protein itself acts as an acetyltransferase sites for hydroxylation and pVHL binding in the ODD without a partner acetyltransferase and regulates HIFdomain, whereas the lysine residue acetylated by ARD1 1␣ stability. In fact, we found that neither TbDn-1 nor is conserved only in HIF-1␣ and -2␣, not HIF-3␣. In a mouse NAT-1 homolog affected the stability of HIF-1␣ previous report, HIF-1␣ and -2␣ were shown to be deprotein in human cells (data not shown). From these graded under normoxic conditions, and protein levels data, we suggest that ARD1 is a new mammalian acetylincreased in response to hypoxia, whereas the level of transferase.
HIF bated with HeLa cell extracts for 2 hr at 30ЊC and then binding assay Two-hybrid assays using the GAL4 system were performed acwas performed as described ( 
